Background: Longer pre-centrifugation times alter the quality of serum and plasma samples. Markers for such delays in sample processing and hence for the sample quality, have been identified. Methods: Twenty cytokines in serum, EDTA plasma and citrate plasma samples were screened for changes in concentration induced by extended blood pre-centrifugation delays at room temperature. The two cytokines that showed the largest changes were further validated for their "diagnostic performance" in identifying serum or plasma samples with extended pre-centrifugation times. Results: In this study, using R&D Systems ELISA kits, EDTA plasma samples and serum samples with a pre-centrifugation delay longer than 24 h had an IL16 concentration higher than 313 pg/mL, and an IL8 concentration higher than 125 pg/mL, respectively. EDTA plasma samples with a pre-centrifugation delay longer than 48 h had an IL16 concentration higher than 897 pg/mL, citrate plasma samples had an IL8 concentration higher than 21.5 pg/mL and serum samples had an IL8 concentration higher than 528 pg/mL.
IL8 and IL16 levels indicate serum and plasma quality Introduction
Uncontrolled preanalytical variables can reduce the accuracy and reproducibility of downstream analytical results and hence the specimen's fitness for purpose. For serum and plasma, the most critical preanalytical variables are the type of blood collection tube (presence and type of anticoagulant), the precentrifugation time and temperature, centrifugation conditions, the time of exposure of the isolated serum or plasma to room temperature (RT) (otherwise called "post-centrifugation time") and the long-term storage temperature [1, 2] . Knowledge of these critical variables is essential for determining the fitness for purpose of a specimen for specific downstream applications. For metabolite, cell free DNA, peptide and phosphoprotein based applications and measurements, EDTA plasma is often used, and 3 h of precentrifugation delay at RT is, as a general rule, the limit. For protein analyses in serum or plasma, the critical time depends on the specific protein, however, as a general rule, 24 h at RT is the limit [3, 4] .
For legacy serum and plasma collections, where the preanalytical conditions have not been documented [2] , it is important to be able to apply retrospective qualification assays, of sufficient sensitivity and specificity, to determine the corresponding preanalytical conditions. High specificity is required in those cases where the downstream analysis is expensive and we want to be certain that a serum or plasma sample is fit for purpose before deciding to apply the analysis. Assays for qualification and quality stratification of different types of specimens were reviewed [5, 6] . However, some gaps exist. While the Lacascore [7] accurately determines the 3 h precentrifugation time limit for EDTA plasma used in metabolomics studies, a major gap, until now, has been the lack of an assay to qualify serum or plasma samples with a precentrifugation delay of more than 24 or 48 h. The precentrifugation time limit for the most common clinical chemistry parameters is 24 h [8] . Hemoconcentration due to movement of water into cells also occurs after 24 h [9] .
Cytokines are small proteins, playing a role in leukocyte trafficking and homing, but also in organ development, angiogenesis, tumorigenesis/metastasis and immune responses to microbial infection [10] and the concentration of some cytokines is reputed to be affected by precentrifugation conditions. Among the different cytokines, interleukin 8 (IL-8) is produced by macrophages, lymphocytes and endothelial cells and plays a role in neutrophil and T cell chemotaxis, while interleukin 16 (IL-16) is produced by lymphocytes and eosinophils and is a CD4+ chemoattractant [11] .
In this study, we first screened serum, EDTA plasma and citrate plasma samples with cytokine assays on the Mesoscale MSD platform and identified the two most promising cytokine markers for use in the diagnosis of extended precentrifugation times. We then validated these markers, using seven independent cohorts, in a collaboration between members of the ISBER Biospecimen Science Working Group.
Materials and methods

Samples used
Serum and plasma samples from healthy individuals from the Integrated Biobank of Luxembourg (IBBL), the Biobank of the Geneva University Hospitals, the San Francisco Blood Systems Research Institute (BSRI) and Karolinska Institute Biobank were used. Serum and plasma samples from rheumatoid arthritis (RA) patients were provided by Precision for Medicine (Frederick, MD, USA). Plasma samples from HIV patients were provided by the BSSPA Biobank (Andalucía), and finally serum and plasma samples from acute pancreatitis and RA patients were procured from EastWestBio (Ukraine). HIV positive diagnosis was established on the basis of LIAISON ® XL murex HIC Ab/Ag positive assays. RA diagnosis was established on the basis of functional impairment of joints. Acute pancreatitis diagnosis was established on the basis of ultrasound sonography and elevated levels of α-amylase. Table 1 summarizes the demographic and clinical data of the donors and the preanalytical data of the samples used.
Five IBBL EDTA plasma and CPT plasma samples, and ten IBBL serum samples, were exposed to RT for 30 min, 24 h and 48 h, after plasma or serum separation ("post-centrifugation" time) and after one freeze-thaw (FT) cycle.
All donors gave their informed consent and the protocol has received approval from the Ethics Committee (CNER approval ##201107/02, CNER approval ##20093/04). 
IL8 measurements
IL8 was measured in all serum and citrate plasma samples of different precentrifugation times at RT, with the R&D Systems kit "Human IL-8/CXCL8 Quantikine ELISA kit" D8000C and control material "Quantikine ImmunoAssay Control Group 8" QC-23 from R&D Systems. Calibration curve was prepared following the protocol with dilution series from 31.25 to 2000 pg/mL with a four parameter logistic curve fit. Samples were diluted 1:1 and measured in duplicate.
IL16 measurements
IL16 was measured in all EDTA plasma samples of different precentrifugation times at RT, with the R&D Systems kit "Human IL-16 Quantikine ELISA kit" D1600 from R&D Systems and control material "Quantikine ImmunoAssay Control Group 4" QC-21 from R&D Systems. A calibration curve was prepared following the protocol with dilution series from 31.25 to 2000 pg/mL with a log/log curve fit. Samples were diluted 1:1 and measured in duplicate.
Statistical analyses
Summary statistics were performed in Excel version 2013. Student's t and ANOVA on ranks analyses were performed with SigmaPlot version 12.5. Receiver-operating characteristics (ROC) curve analyses, including calculations of the confidence intervals of the diagnostic sensitivities and specificities, were performed with the AnalyseIT software version 2.30. The cut-off values that were selected were those corresponding to the combinations of higher specificity and sensitivity.
Results
MSD analyses
The Human Pro-Inflammatory Panel I V-plex Plus kit and the Human Cytokine Panel I V-plex Plus kit were used to screen for 20 pro-inflammatory factors/cytokines with serum and plasma samples from three donors, before selecting the proteins with the most promising performance in terms of high fold-change and low inter-individual variability, for validation with samples from more donors.
In the Human Pro-Inflammatory Panel I V-plex Plus kit and the Human Cytokine Panel I V-plex Plus kit, the majority (77%) of the measurements were above the lower limit of quantification of the kits. All the results are shown in Supplemental Data 1. Almost all changes corresponded to increased cytokine concentrations and occurred only at RT. The only changes that were observed when blood stood at 4 °C before centrifugation were a decrease in the concentration of IL8 in serum, and a small increase in the concentration of IL16 in EDTA and citrate plasma, after >53 h delay. The cytokines that showed the highest fold changes and a statistically significant increase (p < 0.1) at >53 h RT delay relative to the 30 min RT time were IL-8 (p < 0.05 in serum, p < 0.01 in citrate plasma), TNF-α (p < 0.01 in EDTA plasma and p < 0.1 in citrate plasma), IL-5 (p < 0.01 in serum), IL-10 (p < 0.1 in EDTA plasma), IL-7 (p < 0.1 in serum), IL-16 (p < 0.1 in EDTA plasma) and VEGF (p < 0.05 in citrate plasma and p < 0.1 in serum). Among all the cytokines and conditions tested, the ones which showed detectable levels in all three donors, the most striking differences, in terms of fold-change, between 30 min and >53 h precentrifugation delays, and CV% of change <70% were the following: -IL8 in serum for RT precentrifugation conditions, with an average fold increase of 296× (STDEV 139×) -IL8 in citrate plasma for RT precentrifugation conditions, with an average fold increase of 14× (STDEV 4×) -IL16 in EDTA plasma for RT precentrifugation conditions, with an average fold increase of 16× (STDEV 11×) ( Table 2 ).
IL6 showed the highest fold increase in serum, but with extremely high inter-individual variability (CV% = 165%). GM-CSF showed the highest fold increase in citrate plasma, but in one donor only, while it was undetectable in the other two donors. IL1β showed the highest fold increase in EDTA plasma, but in one donor only, while it was undetectable in the other two donors (Supplemental Data 1).
IL8 in serum
In the diagnosis of 24 h RT precentrifugation delay of non-anticoagulated blood, ROC plot analysis was applied to each population of samples and the optimal cut-off values are shown in Table 3 . When the measurements from all the populations were analyzed together in a single ROC plot (92 true negative samples, with delay ≤3 h and 69 true positive samples, with delay ≥24 h), the area under the curve (AUC) was 0.98 (95%CI, 0.96-0.99) ( Figure 1A and B). The optimal cut off value above which a serum sample was "positive", meaning that it has been isolated from blood with precentrifugation delay ≥24 h at RT, was 125 pg/mL. In the diagnosis of 48 h RT precentrifugation delay of non-anticoagulated blood, ROC plot analysis was applied to each population of samples and the optimal cut-off values are shown in Table 3 . When the measurements from all the populations were analyzed together in a single ROC plot (92 true negative samples, with delay ≤3 h and 33 true positive samples, with delay ≥48 h), the AUC was 0.99 (95%CI, 0.98-1.00) ( Figure 1A and C) . The optimal cut-off value above which a serum sample was "positive", meaning that it has been isolated from blood with precentrifugation delay ≥48 h at RT, was 528 pg/mL.
In the acute pancreatitis and RA samples from Ukraine, the average IL8 concentration at baseline (<3 h precentrifugation time) was 20.5 pg/mL (STDEV 12.1 pg/mL). In the RA samples from the USA, the average IL8 concentration at baseline (<3 h precentrifugation time) was 649.3 pg/mL (STDEV 562.5 pg/mL).
The average concentration of IL8 in 10 serum samples from healthy donors was 14.6 pg/mL (STDEV 5.5 pg/mL) after 30 min exposure of isolated serum to RT, 22.6 pg/mL (STDEV 22 pg/mL) after 24 h exposure of the serum to RT and 26.5 pg/mL (STDEV 32.8 pg/mL) after 48 h RT exposure. ANOVA on ranks showed no statistically significant differences (p = 0.722), therefore post-centrifugation delays at RT do not have a significant impact on the IL8 concentration in serum and do not interfere in the diagnostic performance of the IL8 assay for the precentrifugation conditions.
IL8 in citrate plasma
No change was observed for IL8 in citrate plasma after 24 h of precentrifugation delay. In the diagnosis of 48 h RT precentrifugation delay of citrate blood, ROC plot analysis was applied to each population of samples and the optimal cut-off values are shown in Table 4 . When the measurements from all the populations were analyzed together in a single ROC plot (138 true negative samples, with delay ≤3 h and 56 true positive samples, with delay ≥48 h), the AUC was 0.94 (95%CI, 0.91-0.97) (Figure 2 ) and the optimal cut-off value above which a plasma sample was "positive", meaning that it has been isolated from blood with precentrifugation delay ≥48 h at RT, was 21.5 pg/mL.
In the acute pancreatitis and RA samples from Ukraine, the average IL8 concentration at baseline (<3 h precentrifugation time) was 18.3 pg/mL (STDEV 14.8 pg/mL). In the RA samples from the USA, the average IL8 concentration at baseline (<3 h precentrifugation time) was 8.9 pg/mL (STDEV 6.7 pg/mL).
The average concentration of IL8 in five citrate plasma samples from healthy donors was 11.2 pg/mL (STDEV 0.9 pg/mL) after 30 min exposure of isolated plasma to RT, 25.9 pg/mL (STDEV 31.9 pg/mL) after 24 h exposure of the plasma to RT and 33.1 pg/mL (STDEV 47.4 pg/mL) after 48 h RT exposure. ANOVA on ranks showed no statistically significant differences (p = 0.756), therefore post-centrifugation delays at RT do not have a significant impact on the IL8 concentration in citrate plasma and do not interfere in the diagnostic performance of the IL8 assay.
The analytical imprecision of the IL8 assay, calculated with the three internal quality control (QC) samples, across 19 different runs, corresponded to a CV of 10%-12%.
IL16 in EDTA plasma
In the diagnosis of 24 h RT precentrifugation delay of EDTA blood, ROC plot analysis was applied to each population of samples and the optimal cut-off values are shown in Table  5 . When the measurements from all the populations were analyzed together in a single ROC plot (118 true negative samples, with a delay ≤3 h and 120 true positive samples, with delay ≥23-24 h), the AUC was 0.98 (95%CI, 0.97-0.99) ( Figure 3A and B) . The optimal cut-off value above which a plasma sample was "positive", meaning that it has been isolated from blood with precentrifugation delay ≥24 h at RT, was 313 pg/mL.
In the diagnosis of 48 h RT precentrifugation delay of EDTA blood, ROC plot analysis was applied to each population of samples and the optimal cut-off values are shown in Table 5 . When the measurements from all the populations were analyzed together in a single ROC plot (118 true negative samples, with delay ≤3 h and 56 true positive samples, with delay ≥48 h), the AUC was 1.00 (95%CI, 1.00-1.00) ( Figure 3A and C) . The optimal cut-off value above which a plasma sample was "positive", meaning that it has been isolated from blood with precentrifugation delay ≥48 h at RT, was 897 pg/mL.
In the acute pancreatitis and RA samples from Ukraine, the average IL16 concentration at baseline (<3 h precentrifugation time) was 167.3 pg/mL (STDEV 45.9 pg/mL). In the RA samples from the USA, the average IL16 concentration at baseline (<3 h precentrifugation time) was 426.1 pg/mL (STDEV 216.3 pg/mL).
The average concentration of IL16 in 5 EDTA plasma samples from healthy donors was 123.1 pg/mL (STDEV 25.4 pg/mL) after 30 min exposure of isolated plasma to RT, 128.7 pg/mL (STDEV 26.6 pg/mL) after 24 h exposure of the plasma to RT and 126.3 pg/mL (STDEV 24.3 pg/mL) after 48 h RT exposure. ANOVA on ranks showed no statistically significant differences (p = 0.941), therefore post-centrifugation delays at RT do not have a significant impact on the IL16 concentration in EDTA plasma and do not interfere in the diagnostic performance of the IL16 assay.
The analytical imprecision of the IL16 assay, calculated with the three internal QC samples, across 14 different runs, corresponded to a CV of 18%-21%.
Discussion
Electrochemiluminescent detection offers sensitivity and an extended dynamic range. Background signals are minimal because the stimulation mechanism (electricity) is decoupled from the signal (light), while multiple excitation cycles of each label amplify the signal. The high sensitivity (in the low pg/mL) and high dynamic range (3 logs for all tested cytokines) of the platform allowed us to identify the two most promising cytokine markers (IL-8 and IL-16) in one run, among 20 cytokines tested.
Acute pancreatitis and RA are associated with high IL8 levels [12, 13] and in particular IL16 has been proposed as a predictive biomarker in RA [14] . Therefore, it was important to assess the field of application of the new serum and plasma qualification methods in the scope of these clinical conditions. Similarly, we wanted to assess the feasibility in the context of a viral disease, such as HIV1 infection, which increases the IL16 levels [15] . None of the above conditions limits the use of the IL8 and IL16-based QC assays of serum and plasma, with the exception of RA serum samples in which the baseline concentration of IL8 was significantly higher than in plasma. This is probably linked to the fact that the IL8 levels in serum are already 10 times higher than in plasma in healthy individuals [16] . We have no explanation as to why the IL8 levels were much higher in serum samples from RA patients from Ukraine than those in serum samples from RA patients from the USA. One hypothesis may be linked to the levels of alcohol consumption in certain populations in Eastern Europe and the "extremely high" serum IL8 levels (>100 pg/mL) associated with this consumption [17] .
Furthermore, elevated IL-16 levels have been reported in overweight adolescents [18] and in patients suffering from trauma [19] . However, the reported levels are similar to the levels we found in the RA patient samples and therefore we believe that the field of application of the assays covers serum and plasma samples from both healthy and diseased donors. One possible exception is the application of the IL8 assay in serum from certain autoimmune disease patients, where the sensitivity of the assay may be lower. Another exclusion from the scope of application of the IL8 assay is the plasma of patients with septic shock in which IL8 levels are 50-500 times higher than in samples from healthy individuals [20] .
Concerning the robustness of the diagnostic performance of the three qualification assays that have been validated in this work (IL8 for serum, IL8 for citrate plasma and IL16 for EDTA plasma), exposure of isolated serum or plasma to RT conditions does not influence the levels of IL8 and IL16. Stability in serum, and EDTA plasma has been shown for 10 FT cycles and also in isolated serum or plasma, exposed 20 days to RT, 4 °C or −70 °C [21] . We have further confirmed that there is no significant impact of exposure to RT on IL8 and IL16 levels in isolated serum or plasma. Therefore, the assay can be performed independently of post-centrifugation exposure to RT. If postcentrifugation delays at RT need to be assessed, sCD40L measurement is the appropriate qualification assay [22] .
IL8 and IL16 levels are stable across different age groups [23] , therefore the field of application is not limited to any specific age group.
IL8 and IL16 levels in heparin, EDTA and citrate plasma were measured and found to be the same with the three anticoagulants [16] , indicating that these quality markers might be applicable also to heparine plasma, but further studies would be needed to establish this.
IL16, but not IL8, has been found to increase significantly after 2 h precentrifugation time at RT in EDTA plasma, and the presence of protease inhibitors (PIs) did not significantly affect cytokine levels [24] . Therefore, the qualification methods presented here should also be robust to the use of PIs in blood collection tubes (e.g. BD P100 tubes).
The BSRI cohort samples had lower initial (baseline) concentration of IL8 in serum and less marked increase of IL8 in citrate plasma. Leukapheresis samples have been reported to have lower levels of IL8 [25] . The BSRI plasma was not cleared and so, we have no explanation why these samples had lower levels of IL8.
IL8 has recently been suggested, among other cytokines, for the diagnosis of serum precentrifugation times longer than 24 h, with a sensitivity of 81% and a specificity of 78% at the cut-off of 23 pg/mL [26] . The optimal diagnostic threshold that we found was higher (125 pg/mL). This difference can be explained, first by the fact that in the study performed by Lee et al. the samples were kept before centrifugation, not in the blood collection tube itself, but in 1.5 mL Eppendorf tubes, which might have affected the kinetics of IL8 production. Second and more importantly, the measurement kit used by Lee et al. was the Milliplex Map Human Cytokine/ Chemokine Magnetic Bead Panel kit-Immunology Milliplex Assay (Millipore), which is different from the kit we used (R&D Systems). These differences underline the critical importance of using common reference (QC) materials for cytokine measurements, as it was recommended by Aziz et al. [21] and/or participating in international ring trials [27] . Interestingly, the MSD and R&D kits used in our study, showed similar concentration results for IL16 in EDTA plasma, but the R&D kit showed 3-5 times higher concentration results for IL8 in serum and in citrate plasma than the MSD kit, using the same samples from three IBBL donors. This highlights the fact that different ELISA kits are not comparable. The conclusions of our study and the established cut-off values are valid with the R&D kits.
The possible explanation for the increase of IL8 and IL16 in blood samples before isolation of serum/plasma is that monocytes, lymphocytes and granulocytes may release de novo synthesized or already synthesized interleukins in a nonspecific way, post-collection. Data published by Reinsberg et al. [28] indicate that de novo IL8 synthesis in blood cells takes place upon storage of whole blood at RT. It seems that different mechanisms are at work. IL16 increases tremendously in EDTA plasma, slightly in citrate plasma and not at all in serum. IL16 is produced by eosinophils, monocytes and lymphocytes, but the mechanism of release or secretion of IL16 is still unknown. Our results suggest that release of IL16 by granulocytes is abundant in EDTA but not in citrate, and absent in serum where leucocytes may be trapped in the blood clot. IL8, which is produced, not only by granulocytes, but also by platelets [29] , increases tremendously in serum, probably due to platelet activation and formation of platelet-monocyte aggregates [30] , significantly in citrate plasma and less in EDTA plasma.
Conclusions
-IL8 concentration measurement by ELISA can be used to identify serum samples with RT precentrifugation times of more than 24 h with sensitivity 97% and specificity 90% at the cutoff 125 pg/mL. -IL8 concentration measurement by ELISA can also be used to identify serum samples with RT precentrifugation times of more than 48 h with sensitivity 94% and specificity 94% at the cut-off 528 pg/mL. -IL8 concentration measurement by ELISA can be used to identify citrate plasma samples with RT precentrifugation times of more than 48 h with sensitivity 86% and specificity 93% at the cut-off 21.5 pg/mL. -IL16 concentration measurement by ELISA can be used to identify EDTA plasma samples with RT precentrifugation times of more than 24 h with sensitivity 91% and specificity 96% at the cut-off 313 pg/mL. -IL16 concentration measurement can also be used to identify EDTA plasma samples with RT precentrifugation times of more than 48 h with sensitivity 98% and specificity 100% at the cut-off 897 pg/mL.
The above assays are easily applicable and immediately accessible to all laboratories and should facilitate qualification of legacy collections or quality stratifications of serum and plasma samples with undocumented preanalytics. This initial qualification can be applied before expensive proteomic analyses are undertaken.
